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Abstract

A seamless tube is a very narrow-bore tube that is composed of a single cell with an
intracellular lumen and no adherens or tight junctions along its length. Many capillaries in the
vertebrate vascular system are seamless tubes. Seamless tubes also are found in invertebrate
organs, including the Drosophila trachea and the C. elegans excretory system. Seamless tube
cells can be less than a micron in diameter, and they can adopt very simple “doughnut-like”
shapes or very complex, branched shapes comparable to those of neurons. The unusual
topology and varied shapes of seamless tubes raise many basic cell biological questions about
how cells form and maintain such structures. The prevalence of seamless tubes in the vascular
system means that answering such questions has significant relevance to human health. In this
review, we describe selected examples of seamless tubes in animals and discuss current
models for how seamless tubes develop and are shaped, focusing particularly on insights that

have come from recent studies in Drosophila and C. elegans.



1. What are seamless tubes?

Organs are composed of tubes with different sizes and shapes that are specialized for
their particular functions [1]. Most tubes are composed of polarized epithelial or endothelial cells
that have an apical surface facing the lumen and a basal surface facing other tissues, and that
are linked together by adherens junctions and tight junctions. Branched organs, such as the
mammalian vascular system, lung, and kidney, typically consist of centrally located, larger-bore
tubes that transport fluids or gas over long distances, and progressively narrower tubes at the
periphery that exchange nutrients and waste with nearby tissues.

Seamless tubes are very narrow-bore tubes that are only one cell in diameter, such that
the apical domain and lumen are intracellular (Fig. 1). As their name implies, such tubes do not
have adherens or tight junctions along their length, although they do have such junctions where
they connect to other tubes. Seamless tubes are found in the vertebrate vascular system (Fig.
1A,B) [2] and in many invertebrate organs and glia [3-7], as well as in plants (e.g. pollen tubes
[8]). Many insights into how seamless tubes are built and shaped have come from studies of
such tubes in the Drosophila trachea (Fig. 1C) and C. elegans excretory system (Fig. 1D),
where imaging is possible at the necessary single-cell resolution, and the power of forward

genetics has been applied to identify relevant molecular mechanisms.

2. Examples of seamless tubes

2.1. Seamless tubes in the vertebrate vascular system

Unicellular seamed and seamless tubes make up a sizeable proportion of the capillaries
in the vertebrate microvasculature. Decades ago, serial section transmission electron
microscopy (TEM) studies of tissues from rats and other mammals revealed many capillaries

with only a single cell surrounding the lumen [2, 9, 10]. Some such capillaries had an



autocellular junction or “seam” that sealed the tube, but others had no darkly staining junctional
material between the lumen and the plasma membrane, and were termed “seamless” (Fig. 1A).
Many of these tubes were found at anastomoses or branch points in the capillary network. More
recently, seamless tubes have been observed by confocal microscopy in the mouse and
zebrafish vasculature (Fig. 1B) [11, 12]. In zebrafish, where live imaging has been possible,
some seamless tubes are transient, developmental precursors to larger multicellular tubes or to
pruned vessels [13-16]. However, in mammals, TEM studies suggested that as many as 30% -
50% of the tubes in capillary beds of adults can be seamless tubes [10].

Not surprisingly, capillary defects are implicated in various cardiovascular diseases.
These include common ailments such as hypertension [17], coronary microvascular disease
(MVD), a leading cause of heart attacks, especially in women [18] and cerebral Small Vessel
Disease (SVD), a leading contributor to age-related dementia and stroke [19]. Loss or abnormal
structure of capillary beds is also observed in Mendelian syndromes such as Hereditary
Hemorrhagic Telangiecstasia (HHT) [20], Cerebral Cavernous Malformation (CCM) [21], and
familial SVD syndromes like CADASIL [19] (Table 1). Genes involved in these Mendelian
syndromes point to dysregulation of TGFp signaling, vesicle trafficking, cytoskeletal organization
and extracellular matrix (ECM) as key factors in capillary malfunction (Table 1).

Due to their small size and density, mammalian capillaries are difficult to visualize in
vivo. Therefore it is not known if the pathology of these diseases specifically involves seamless
tubes. However, some aspects of capillary development can be modeled using human umbilical
cord endothelial cells (HUVECs) grown in a 3D collagen matrix [22]. CCM1 and CCM2 are
required for intracellular lumen formation in such assays [23, 24]. A zebrafish model of CCM1
[23] and invertebrate models of CCM3 [25, 26] also show seamless tube defects, supporting a

connection between capillary diseases and seamless tubes.

2.2. Seamless tubes in the Drosophila tracheal system



The Drosophila trachea is a branched respiratory organ with ~1600 cells and several
different types of tube topologies [6, 27]. The largest tubes are multicellular. Smaller branches
contain seamed unicellular tubes, called stalk cells. At the tips of most branches are two
seamless tube types: fusion cells and terminal cells (Figs. 1C, 2A). Fusion cells are very short,
simple toroids that undergo anastomosis to connect different branches in the network [28, 29].
Anastomosis fuses the apical membrane but does not remove junctions, so fusion cells have
ring-shaped adherens junctions at both ends, where they connect to stalk cells and to each
other (Fig. 1C). Terminal cells form complex, highly branched structures with narrow, lumenized
processes that are closed at their tips and contact target tissues for gas exchange [6, 30] (Fig.
1C). A terminal cell has a ring-shaped adherens junction at its base, where it connects to a
stalk cell, and sometimes a small stretch of autocellular junction (Fig. 2B).

Fibroblast Growth Factor Receptor (FGFR) signaling promotes tip cell vs. stalk cell
identity and terminal cell identity [31, 32] (Fig. 2A). Wnt signaling promotes fusion cell identity
[33] (Fig. 2A). Signaling leads to many changes in cytoskeletal organization [34-38] (Fig. 2A),

and these cytoskeletal changes may be important for the ultimate formation of seamless tubes.

2.3. Seamless tubes in the C. elegans excretory system

The excretory system of C. elegans is a simple osmoregulatory organ that contains just
three tandemly-connected unicellular tubes, two of which are seamless [4, 39] (Fig. 1D). The H-
shaped canal cell has four long, seamless, lumenized branches or “canals” that are closed at
their tips [40]. The canals merge within the cell body in the head of the worm, where the cell
makes a ring-shaped junction to the duct. The duct is a smaller seamless tube with an
asymmetric and looping shape [41]. The duct empties into the seamed pore tube, which
connects to the outside environment for fluid excretion. The duct has ring-shaped apical

junctions at both ends, where it connects to the canal cell and pore.



Epidermal Growth Factor Receptor (EGFR) signaling promotes duct vs. pore cell identity
[42], and specifically promotes duct tube seamlessness via upregulation of the fusogen AFF-1
[41] (F. Soulavie and M. Sundaram, unpublished data) (Fig. 3A). Notch signaling and a series of

asymmetric cell divisions promote canal cell identity [43].

3. Mechanisms of Seamless Tube Formation

3.1. Polarization

Seamless tube formation requires the cell to establish an unusual pattern of apical-basal
polarity, with the apical domain inside the cell. The initial cues that establish such polarity are
still unclear. Basal ECM factors may provide cues, since growing HUVEC cells in a 3D collagen
matrix promotes intracellular lumen formation, and this requires integrin-ECM interactions [44].
Although integrins can affect terminal cell and canal tube shape [45, 46], they are not essential
for polarization and intracellular lumen formation. In vivo, seamless tubes form in contexts
where a cell makes ring-shaped adherens junctions on either one or two sides (Figs.
1,2A,3A,4C), so neighboring tubes might provide a polarizing cue. Several apical polarity
proteins localize to apical domains of developing seamless tubes [47-51]. PAR-6 and PKC (but
not Bazooka/PAR-3 or Crumbs) are required for lumen growth in the terminal cell [48, 52, 53].

Once polarity has been established to nucleate lumen formation, intracellular vesicle
trafficking must direct apical membrane and other relevant molecules to the appropriate region
for lumen growth. Both endocytic and exocytic trafficking pathways have been implicated in

seamless tube formation and morphogenesis, as discussed below.

3.2. Pinocytosis
One mechanism for seamless tube formation involves pinocytosis (“cell drinking”) or

macropinocytosis (“cell gulping”), related types of membrane ruffling-associated endocytosis in



which the cell internalizes basal plasma membrane to form internal vesicles [54]. These vesicles
are proposed to coalesce to form the intracellular apical domain, which then connects to other
tubes via anastomosis [11, 22, 44, 55]. This mechanism of tube formation is sometimes called
“cell hollowing” (Fig. 4A).

The pinocytic model is based primarily on observations of cultured HUVEC or other
mammalian endothelial cells [22]. The cells form large intracellular vacuoles that can be labeled
with an exogenously applied dextran-fluorescein tracer, indicating some form of fluid phase
uptake [44]. Vesicles have been observed moving from a basal site of origin to the intracellular
vacuole [22]. Molecules required for vacuole formation include several regulators of
macropinocytosis, including Rac and Pak [56, 57].

In vivo evidence to support the pinocytic model has been more limited. Various large
intracellular vacuoles or multivesicular bodies (MVBs) have been detected near the growing
lumen of vertebrate capillaries [9, 11], Drosophila terminal cells [55] and the C. elegans canal
cell [4, 58], and have been speculated to derive from pinocytosis and contribute to the apical
membrane. However, the origin of these vacuoles has not been determined definitively. Apical
markers are generally not observed in any large or abundant vesicular compartments in wild-
type animals, suggesting that the seamless lumen does not form from the coalescence of pre-
established apical compartments [35, 59]. Rather, membrane may acquire apical characteristics
only at late stages of vesicle targeting to the lumen.

Molecular regulators of endocytosis have varied effects on seamless tube growth in vivo.
Rab11, a marker of recycling endosomes [54], promotes lumen growth in the terminal and canal
cells [26, 48]. Early endocytic regulators, such as Shibire/Dynamin, Rab5, Vps45 and

Rabenosyn-5, negatively regulate apical growth in terminal cells [53].

3.3. Wrapping and auto-fusion



A second mechanism for seamless tube formation is wrapping and auto-fusion (Fig. 4B).
In this mechanism, a cell first forms a seamed tube of defined lumen diameter by wrapping
around ECM [60] or a cellular scaffold [5] and forming an autocellular junction. The tube then
eliminates its seam by membrane fusion. This mechanism is used by C. elegans pharyngeal
valve cells [5] and the excretory duct (Fig. 3A) [41]. Conceptually, wrapping and auto-fusion is
similar to macropinocytosis, except that it involves fusion rather than fission of a large segment
of membrane, an extracellular scaffold, and the formation of a transient adherens junction; it is
not known if similar molecular controls underlie the two mechanisms.

Discovery of this mechanism in C. elegans was enabled by identification of the relevant
fusogens [61, 62]. EFF-1 and AFF-1 are transmembrane proteins with structural, but not primary
sequence, homology to viral class Il fusogens [63, 64]. Homotypic interactions between
fusogens on apposing plasma membranes mediate cell-cell fusion to generate many syncytial
tissues in the worm [62, 65]. In eff-1 or aff-1 mutants, normally seamless tubes such as the duct
now have a seam, revealing that these fusogens can also mediate tube auto-fusion [5, 41].

Wrapping and auto-fusion also generate some seamless tubes in the zebrafish
vasculature [15] and in mammalian Madin-Darby Canine Kidney (MDCK) epithelial cells grown
around silicone pegs [66], suggesting this mechanism may be widely used. MDCK auto-fusion
requires cytoskeletal and trafficking regulators such as Rac, Rho, Cdc42 and the Arp2/3

complex [67], but the relevant fusogen is unknown.

3.4. Membrane invagination and apically-directed exocytosis

A third mechanism for seamless tube formation is membrane invagination coupled with
apically-directed exocytosis (Fig. 4C). Evidence for this mechanism comes from studies of
Drosophila fusion and terminal cells, the C. elegans canal cell, and anastomosing zebrafish
vascular cells. In all of these tube types, lumen formation initiates at an intercellular junction with

another tube (Figs. 2A,3A) [13, 14, 41]. Lumen then grows inward in a manner dependent on F-



actin and/or microtubules (MTs), which appear to provide routes for motor-directed vesicle
trafficking [35, 50, 59, 68-70]. Where examined, lumen growth requires the exocyst [47, 48, 71,
72], a complex that tethers secretory vesicles to the plasma membrane for subsequent SNARE-
dependent fusion [73]. Models for cytoskeletal organization and trafficking in the terminal cell
and canal cell are shown in Figs. 2B-C,3C-D. See [29] for a recent review of fusion cell
formation

A current challenge is to elucidate the specific pathways and classes of vesicles that
deliver apical membrane and luminal cargos. A striking feature of the canal cell is the presence
of abundant 50-100 nm tubulo-vesicles, termed canaliculi, which fill the canal cytoplasm
adjacent to the lumen (Fig. 3C-D) [4]. The origin of canaliculi is unknown, but canaliculi can
dock with the apical membrane and may contribute membrane and/or water to drive lumen
expansion (Fig. 3D) [47, 59, 74]. Going forward, live imaging will be an important tool for
understanding the origin and role of canaliculi and the various other classes of vesicles that

have been observed.

3.5. Combinatorial models

Although different seamless tubes may form by different mechanisms, the three major
models discussed above are not mutually exclusive. It is likely that both endocytic and Golgi-
derived exocytic vesicles contribute to the growing apical domain of most seamless tubes,
although their relative importance could vary.

Within a single tube cell, initial lumen nucleation and subsequent lumen growth could
also proceed by different mechanisms. For example, the excretory duct tube continues to grow
extensively after initial wrapping and auto-fusion (Fig 1D, 3A) [41]. Several trafficking-related
genes are required only for later outgrowth and maintenance of the terminal cell or canal cell,

but not for initial tube formation [25, 26, 75, 76]. Terminal cells might nucleate lumen via a
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wrapping-like mechanism, since some have a small stretch of auto-junction near the cell’'s base

(Fig. 2B), which usually disappears as the cells mature [6, 25, 52].

4. Seamless tube shaping and maintenance

Seamless tubes exhibit varied shapes, including very elongated and branched shapes,
as exemplified by terminal cells and the canal cell. The absence of junctions along seamless
tubes presents special challenges for tube shaping and maintenance. In multicellular tubes and
planar epithelia, junctions play important roles in polarity, trafficking, cytoskeletal organization
and in generating and transmitting forces for tissue shaping [77, 78]. In seamless tubes,
junctions are likely important during initial tube formation (see above), but as the tubes elongate
further away from the junction, they must rely on other, junction-independent mechanisms for

shaping and strength.

4.1 Apical vs. basal trafficking

The amount of apical vs. basal outgrowth in a seamless tube will affect its shape. For
example, fusion cells generate relatively little apical membrane compared to basal membrane
[68]; as a result, the lumen and its associated cytoskeleton may be under tension and exert a
pulling force on the attached stalk cells [29], leading to a “finger in a balloon” topology [27]. On
the other hand, duct apical outgrowth surpasses basal outgrowth, leading to the characteristic
looped path of the lumen in the cell (Fig. 1D) [4, 41]. Molecular mechanisms that restrain or
promote apical vs. basal growth in these cells are not yet known.

In the terminal and canal cells, apical and basal outgrowth are closely coordinated; the
basal domain grows out first, and the apical domain follows shortly behind [35, 74]. Actin and
MT filaments at the leading edge appear to link the apical and basal membranes to coordinate
trafficking activity and hold the lumen in place [35, 45, 70, 79]. Defects in branch outgrowth and

lumen outgrowth are often coupled, but some mutations disrupt this coordination, and lead to
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long, convoluted lumens out of register with the basal membrane, or to multiple separate and
disorganized lumens. Such mutants affect cytoskeletal organization and/or specific trafficking
regulators, such as Rab35 or Cdc42, that may direct vesicles to appropriate locations for
membrane fusion [38, 50, 70, 75, 80-82].

Continuous endocytosis and recycling of apical membrane are important for lumen
shaping and maintenance. In terminal cells, mutations in early endocytic regulators or in the
CCM3-STRIPAK complex cause an over-accumulation of apical membrane markers and result
in focal dilations and cysts [25, 53]. In the canal cell, CCM3-STRIPAK and the EXC-1/5/9
pathway both regulate CDC-42 activity to affect recycling endosome trafficking for apical
membrane maintenance [26, 75].

Puzzlingly, CCM3 promotes apical growth in the canal cell [26], but inhibits apical growth
in terminal cells [25]. Another discrepancy is in the role of the vacuolar ATPase (V-ATPase).
The V-ATPase is a proton pump involved in vesicle acidification; it plays multiple roles in vesicle
trafficking, fusion and lysosomal degradation [83]. Both C. elegans and Drosophila V-ATPase
mutants accumulate excess MVBs, consistent with a trafficking defect, but the V-ATPase
restrains lumen growth in the canal cell [55, 81, 82, 84], yet promotes lumen growth in terminal
cells [52, 55]. The mechanistic basis for these discrepancies is not known, but they could reflect
differences in MT orientation (Figs. 2C,3D), differences in junction organization at the cell base

[25], or differences in the types of vesicles that contribute to the lumen of each cell [55].

4.2. The apical cytoskeleton and the apical ECM

The cytoskeleton is a major determinant of cell shape, and some effects of manipulating
actin or MTs in seamless tubes may be due to changes in structural properties of cytoskeletal
support networks [40]. The canal apical cytoskeleton also contains intermediate filaments [74],

which generally provide mechanical strength to tissues [85].
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Most developing tubes secrete a mix of fibril-forming and gel-forming molecules into their
lumens, and studies in the fly and worm showed that this apical ECM influences lumen shape in
tubes of all sizes [49, 86-88]. Zona Pellucida (ZP)-domain containing proteins are common
constituents of these matrices [89]. Interestingly, the capillary disease-associated ZP protein
HHT1/endoglin (Table 1) is a component of the endothelial luminal matrix [90, 91]. The apical
ECM can affect signaling [92] and may be physically linked to the cytoskeleton [93-96], but its
mechanisms of action and effects on seamless tubes are just beginning to be explored.

In the fly trachea, a transient luminal ECM containing chitin and ZP proteins is present
throughout tube formation and morphogenesis (Fig. 2B,C), but is then cleared during cuticle
maturation (reviewed in [86, 87]). Mutants for Expansion, a gene required for chitin deposition,
revealed large luminal dilations in terminal cells, but not fusion cells, suggesting differential
importance of the luminal ECM in shaping these two seamless tube types [97, 98]. Mutations in
the receptor tyrosine phosphatases Ptp4E and Ptp10D [99] or the lipid transport protein Mtp
[100] result in similar terminal cell cysts, suggesting signaling and lipids might also affect matrix
organization.

In the C. elegans excretory duct and pore cells, a transient luminal ECM is also present
throughout tube formation and morphogenesis, but then cleared during cuticle maturation [49,
101]. One component of the luminal ECM is the secreted ZP protein LET-653 [102] (Fig. 3B),
which is critical for maintaining duct lumen integrity during elongation (H. Gill, J. Cohen and M.
Sundaram, unpublished data). Mutants for the lipocalin LPR-1 [41], or for the extracellular
leucine-rich repeat only (eLRRon) transmembrane proteins LET-4 or EGG-6 [49], exhibit duct
defects very similar to those of let-653 mutants, and may also affect matrix organization (Fig.
3B).

The developing canal cell also contains a luminal matrix of unknown composition and

function [40] (Fig 3C). The canal cell does not make cuticle and does not express LET-653 (H.
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Gill, J. Cohen and M. Sundaram, unpublished data), but does express a different ZP protein,

DYF-7 [103].

4.3. The seamless-seamed tube junction

Seamless tubes often connect to seamed tubes at their origin (Fig. 4C). At such a
connection point, a ring-shaped junction shared by two different cells is contacted by a linear
autocellular junction. The topology of this junction is similar to that of a tricellular junction, in
which three linear junctions converge at a single point. Specific proteins localize to, and
stabilize, tricellular junctions [104, 105]. Whether these proteins localize to or play a role in the
stability of seamless-seamed tube junctions remains to be determined. Interestingly, a number
of mutations, including those affecting Drosophila CCM3-STRIPAK, specifically affect lumen
shape and integrity near a seamless-seamed tube junction [25, 41, 49](H. Gill, J. Cohen and M.
Sundaram, unpublished data), suggesting this region is particularly fragile, and that the

pathology of human capillary diseases might involve such junctions.

5. Summary and future challenges

Seamless tubes are found in many multicellular organisms, including mammals. The
formation and maintenance of these tiny tubes present unique challenges. Recent studies in
zebrafish, flies and worms have made great strides in visualizing the processes that build
seamless tubes and in identifying specific genes required for their shaping and integrity. Cells
can form seamless tubes through macropinocytosis, wrapping and auto-fusion, or apically
directed exocytosis, but many questions remain about these mechanisms. What cues trigger
inside/outside polarity in seamless tubes? Do endocytic and/or exocytic vesicles nucleate and
expand the lumen? What are the relevant trafficking pathways involved? How are apical and
basal growth coordinated for tube shaping? Through what mechanisms does the luminal ECM

affect tube formation, shaping and maintenance? Finally, why do seamless tubes exist? Are
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they stronger and less leaky than seamed tubes of comparable diameter? Does the absence of
junctions free them to adopt more complex shapes?

Ultimately, a very important challenge is to relate the findings in model systems to
human microvascular diseases. Do such diseases specifically disrupt the formation or
maintenance of seamless tubes or do they affect narrow tubes more generally? In model
systems, it is possible to identify genetic manipulations that ameliorate unicellular tube defects;

could such manipulations suggest strategies for treating microvascular disease?
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Table 1: Mendelian diseases associated with capillary abnormalities

Disease

Affected Gene Product(s)

OMIM entries

Cerebral cavernous

malformation (CCM)

CCM1/Krit1

CCM2/malcavernin

CCM3/PDCD10

OMIM: 116860; 603284;

603285

Hereditary Hemorrhagic

HHT1/Endoglin

OMIM: 187300; 600376;

Telangiecstasia (HHT) HHT2/ALK1/ACVRLA 615506
HHT5/GDF2/BMP9

Juvenile Polyposis with SMAD4 OMIM: 175050

Hereditary Hemorrhagic

Telangiecstasia (JP/HHT)

Cerebral autosomal Notch3 OMIM: 125310

dominant arteriopathy with

subcortical infarcts and

leukoencephalopathy

(CADASIL)

Cerebral autosomal HTRA1 serine protease OMIM: 600142

recessive arteriopathy with
subcortical infarcts and
leukoencephalopathy

(CARASIL)

COL4A1/A2-related

angiopathies

COL4A1

COL4A2

OMIM: 607595; 614519

Retinal vasculopathy with

TREX1 exonuclease

OMIM: 192315
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cerebral leukodystrophy

(RVCL)
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Figure legends

Figure 1. Examples of seamless tubes

(A,B) Vertebrate capillaries are a mix of multicellular, seamed unicellular and seamless tubes.
Drawings of adult rat and embryonic zebrafish capillaries based on [2] and [15]. (C) The
Drosophila trachea contains two seamless tube types, terminal cells and fusion cells. Drawing of
third instar larval branch tip based on [31]. (D) The C. elegans excretory system contains two
seamless tube types, the canal cell and duct. Drawing of early L1 larval excretory system based

on [41] and [84].

Figure 2. Seamless tube formation and growth in the Drosophila tracheal system

(A) Developmental timeline for one dorsal branch [6] and roles of FGF and Wnt signaling.
Heavy black lines represent junctions. FGF signaling promotes tip cell identity (gray) [31] and
expression or activity of Singed/Fascin [37], Mipp 1 and 2 [34], and Rac [36], which promote
filopodia maturation leading to tip cell migration and outgrowth. The FGFR target Pointed (Pnt)
promotes terminal cell identity (pink) [6, 31] and expression of the DSRF transcription factor for
tube morphogenesis [106]. DSRF upregulates Enabled (Ena) to promote actin filament
elongation [35]. Wnt signaling promotes Escargot (Esc) expression and fusion cell identity
(purple) [33]. Fusion cells express the transcription factor Dysfusion (Dys) and upregulate
Deadend (Dnd)/Arl3 and Shotgun/E-cadherin to promote anastomosis [71, 72, 107, 108]. The
terminal cell turns ventrally and builds lumen starting at the stalk cell interface [35]. The fusion
cell extends filopodia dorsally in search of its partner fusion cell [28]. (B) Structure and
organization of a growing terminal cell. Multivesicular bodies are present near the leading edge
at later stages [55]. Actin is found along the apical and basal membranes and at the leading

edge [35, 79]. Microtubules are nucleated along the apical membrane, and extend toward the
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leading edge [35, 50, 94]. The (-) end directed MT motor dynamin is required for lumen growth
[50]. Moesin organizes actin at the apical membrane [80]. Integrins link the basal cell membrane
to the basal ECM [45]. (C) Model for terminal cell apical domain organization. Bitesize and
Crumbs recruit Moesin to the apical membrane [53, 80], where it is phosphorylated and
activated by Slik [38]. Moesin then recruits actin to promote apical-directed trafficking. PAR
proteins recruit the exocyst complex for vesicle docking [48]. A chitin rod determines lumen
diameter [86, 87, 97, 98]. The ZP proteins Dumpy (Dpy) and Piopio (Pio) may link the chitin rod

to the apical membrane and cytoskeleton [60, 93-95].

Figure 3. Seamless tube formation and growth in the C. elegans excretory system

(A) Developmental timeline and duct fate specification by EGF signaling [42]. The canal cell
expresses LIN-3/EGF. EGF-Ras-ERK signaling acts via LIN-1/Ets and EOR-1/BTB-Zinc finger
transcription factors to promote the duct fate and a top, canal-proximal position. The other cell
adopts the pore fate. The duct and pore cells epithelialize and wrap themselves into tubes. Both
the duct and pore initially form auto-junctions, but the duct expresses AFF-1 and auto-fuses
[41]. The canal cell lumen originates at the duct-canal junction and grows inward. (B) Model for
luminal matrix organization in the duct cell. During embryogenesis, the duct lumen is filled with a
fibrous ECM containing the ZP and mucin-like protein LET-653 (H. Gill, J. Cohen and M.
Sundaram, unpublished data). The eLRRon proteins LET-4 and EGG-6 may interact with one or
more components of this matrix [49]. (C) Structure and organization of a growing canal arm.
Canalicular vesicles are plentiful along the apical region; other vesicle types are present more
sparsely [4, 59]. Cytoplasmic swellings, or varicosities, form periodically along the canal arms
during growth or recovery from osmotic stress, and canaliculi preferentially dock to the apical
membrane in these regions [74]. There are two major pools of actin: apical and at the leading
edge [59, 70]. Intermediate filaments also line the apical membrane [74]. MTs are nucleated

primarily at the leading edge, where they are linked to actin via the formin EXC-6 [70], and
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extend back toward the cell body. The kinesin motor promotes lumen growth [70]. ERM-
1/moesin and SMA-1/B-spectrin recruit and stabilize actin at the apical membrane [40, 59].
Integrins link the basal cell membrane to the basal ECM [46]. A fibrous apical ECM is
sometimes observed [40]. (D) Model for apical membrane addition and lumen growth in the
canal cell [47, 59, 74]. Canalicular vesicles contain the V-ATPase and the aquaporin AQP-8;
they dock at the apical membrane to allow water influx and, potentially, membrane addition.
Other vesicles may also contribute apical membrane. ERM-1 recruits an actin coat to vesicles
and binds AQP-8 to promote canaliculi docking. RAL-1 on vesicles promotes fusion by

interacting with apical PAR proteins to recruit the exocyst.

Figure 4. Models for seamless tube formation
(A) Pinocytosis. (B) Wrapping and auto-fusion. (C) Membrane invagination and apically directed

exocytosis. See text for details and references.
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